We consider the production of Zγ pairs at hadron colliders. We report on the first complete and fully differential computation of radiative corrections at next-to-next-toleading order in QCD perturbation theory. We present selected numerical results for pp collisions at 7 TeV and compare them to available LHC data. We find that the impact of the NNLO QCD corrections on the fiducial cross section ranges between 4 and 15%, depending on the applied cuts.
The production of vector-boson pairs is a crucial process for physics studies within and beyond the Standard Model (SM). In particular, the production of neutral vector-boson pairs, like Zγ, is well suited to search for anomalous couplings. Despite the non-Abelian structure of the SU(2) L ⊗ U(1) Y gauge group, which entails self-interactions of the gauge bosons, a ZZγ coupling in the SM is not allowed as the Z boson is electrically neutral. The production of Zγ at hadron colliders is thus dominated by diagrams in which the photon is radiated either off an initial-state quark or the final-state leptons. A non-zero ZZγ coupling would be a clear signal for new physics.
The production of Zγ is also a background for Higgs boson searches. The Higgs decay into Zγ final states in the SM is a rare loop-induced process with a very small branching ratio. However, this is not necessarily the case in extensions of the SM, so the Zγ rates can be used to discriminate between new-physics models.
Recent measurements of the Zγ cross section carried out at the Tevatron Run II and at the LHC have been reported in Refs. [1, 2, 3] .
When considering the Zγ final state, besides the direct production in the hard subprocess, the photon can also be produced through the fragmentation of a QCD parton, and the evaluation of the ensuing contribution to the cross section requires the knowledge of a non-perturbative photon fragmentation function, which typically has large uncertainties. The fragmentation contribution is significantly suppressed by the photon isolation criteria that are necessarily applied in hadroncollider experiments in order to suppress the large backgrounds. The standard cone isolation, which is usually applied in the experiments, suppresses a large fraction of the fragmentation component. The smooth cone isolation completely suppresses the fragmentation contribution [4] , but it is difficult to be implemented experimentally.
The status of theoretical predictions for Zγ production at hadron colliders is as follows. The Zγ cross section is known in NLO QCD [5] , including the leptonic decay of the Z boson [6] . The loopinduced gluon fusion contribution, which is formally next-to-next-to-leading order (NNLO), has been computed in Ref. [7] , and the leptonic decay of the Z boson, together with the gluon-induced tree level NNLO contributions, have been added in Ref. [8] . The NLO calculation, including photon radiation from the final-state leptons, the loop-induced gluon contribution and the photon fragmentation at LO have been implemented into the general purpose numerical program MCFM [9] . Electroweak (EW) corrections to Zγ production have been computed in Ref. [10] .
In this Letter we report on the first complete computation of pp → Zγ +X in NNLO QCD. We note that the notation "Zγ" is misleading, as it suggests the production of an on-shell Z boson plus a photon, followed by a factorized decay of the Z boson. Instead, we actually compute the NNLO corrections to the process pp → l + l − γ + X, where the lepton pair l + l − is produced either by a Z boson or a virtual photon, and we consistently include the contributions in which the final-state photon is radiated from the leptons. The NNLO computation requires the evaluation of the treelevel scattering amplitudes with two additional (unresolved) partons, of the one-loop amplitudes with one additional parton [11, 12] , and of the one-loop squared and two-loop corrections to the Born subprocess→ l + l − γ. In our computation the required tree-level and one-loop amplitudes are obtained by using the OpenLoops generator [13] , which is based on a new numerical approach for the recursive construction of cut-opened loop diagrams. The OpenLoops generator employs the Denner-Dittmaier algorithm for the numerically stable evaluation of tensor integrals [14] and allows a fast evaluation of tree-level and one-loop amplitudes within the SM.
The two-loop correction to the Born process in which the photon is radiated off the final state leptons is available since long time [15] . The last missing contribution, the genuine two-loop correction to the Zγ amplitude, has recently been presented in Ref. [16] .
The implementation of the various scattering amplitudes in a complete NNLO calculation is a highly non-trivial task due to the presence of infrared (IR) singularities at intermediate stages of the calculation that prevent a straightforward implementation of numerical techniques. The q T subtraction formalism [17] is a method to handle and cancel these singularities at the NNLO. The formalism applies to the production of a colourless high-mass system F in generic hadron collisions and has been applied to the computation of NNLO corrections to several hadronic processes [17, 18] . According to the q T subtraction method [17] , the pp → F + X cross section can be written as
where dσ 
The NLO calculation of dσ F requires the knowledge of H F (1) , and the NNLO calculation also requires H F (2) .
The general structure of H F (1) is known [20] : H F (1) is obtained from the process-dependent scattering amplitudes by using a process-independent relation. Exploiting the explicit results of H F (2) for Higgs [21] and vector boson [22] production, the process-independent relation of Ref. [20] has been extended to the calculation of the NNLO coefficient H F (2) [23] . We have performed our fully-differential NNLO calculation of Zγ production according to Eq. (1), starting from a computation of the dσ Zγ+jets N LO cross section with the dipole subtraction method [24] † .
The NNLO computation is encoded in a parton-level Monte Carlo program that allows us to apply arbitrary IR safe cuts on the l + l − γ final state and the associated jet activity. The program is based on the fully automatized framework developed in the calculations of Ref. [25] ; it generates each involved phase-space in a multi-channel approach and constructs the required CataniSeymour dipoles including extra phase-space mappings according to their modified kinematics. Additionally, importance-sampling techniques are applied to further improve the convergence in phase-space regions where q T ∼ > 0.
The present formulation of the q T subtraction formalism [17] is limited to the production of colourless systems F and, hence, it does not allow us to deal with the parton fragmentation subprocesses. Therefore, we consider only direct photons, and we rely on the smooth cone isolation criterion [4] . Considering a cone of radius r = (∆η) 2 + (∆φ) 2 around the photon, we require † An independent calculation of dσ Zγ+jets N LO was performed in Ref. [12] .
that the total amount of hadronic (partonic) transverse energy E T inside the cone is smaller than E max T (r),
where p γ T is the photon transverse momentum; the isolation criterion E T < E max T (r) has to be fulfilled for all cones with r ≤ R. Unless stated otherwise, the results presented in this Letter are obtained with ǫ γ = 0.5, n = 1 and R = 0.4.
In the following we present a selection of our numerical results for pp collisions with √ s = 7
TeV. As for the electroweak couplings, we use the so called G µ scheme, where the input parameters are G F , m W , m Z . In particular we use the values G F = 1.16639×10 −5 GeV −2 , m W = 80.398 GeV, m Z = 91.1876 GeV, Γ Z = 2.4952 GeV. We use the MSTW 2008 [26] sets of parton distributions, with densities and α S evaluated at each corresponding order (i.e., we use (n + 1)-loop α S at N n LO, with n = 0, 1, 2), and we consider N f = 5 massless quarks/antiquarks and gluons in the initial state. The default renormalization (µ R ) and factorization (µ F ) scales are set to
We first consider the selection cuts that are applied by the ATLAS collaboration [2] . We require the photon to have a transverse momentum p We have studied the dependence of our results on the renormalization and factorization scales. We find that, when the scales are varied around the default scale µ 0 in the same direction (i.e. setting µ R = µ F = aµ 0 and varying a between 0.5 and 2), the effect at NLO and NNLO is essentially negligible. By following Ref. [9] and setting µ R = aµ 0 and µ F = µ 0 /a, the effect is −5% (+4%) at NLO and −2% (+2%) at NNLO for a = 0.5 (a = 2), respectively.
Our results can be compared with the ATLAS data [2] § . The fiducial cross section measured by ATLAS is σ = 1.31 ± 0.02 (stat) ± 0.11 (syst) ± 0.05 (lumi) pb. The NNLO effects improve the agreement of the QCD prediction with the data, which, however, still have relatively large uncertainties.
In Fig. 1 we study the impact of QCD radiative corrections on the invariant-mass distribution of the l + l − γ system. The lower panel shows the ratio NNLO/NLO. We see that the impact of NNLO corrections is not uniform over the range of m l + l − γ . NNLO corrections are relatively small in the region where the cross section is higher, and larger above 150 GeV. The LO distribution ‡ Throughout the paper, the errors on the values of the cross sections and the error bars in the histograms refer to an estimate of the numerical uncertainties in our calculation.
§ The comparison with the experimental data should be taken with a grain of salt. The photon isolation used in the experiment is different from ours. Furthermore, our predictions should be corrected for the differences between the parton-level and hadron-level definitions of jets and photons. has a kinematical boundary at m l + l − γ ∼ 66 GeV, and the region below this boundary receives contributions only beyond LO. We also note that the invariant-mass region below the Z peak is the one in which NNLO corrections are more significant, but it marginally contributes to the cross section.
In Fig. 2 we consider the p T distribution of the photon, and we present a comparison of the NLO and NNLO theoretical predictions with the ATLAS data (the bin sizes are chosen so as to match those adopted in Ref. [2] ). We see that the data agree with the NLO and NNLO theoretical predictions within the uncertainties, and that the NNLO corrections slightly improve this agreement. We should not forget, however, that EW corrections affect the tail of the p γ T distribution in a significant way and act in the opposite direction [10] .
ATLAS also considers an additional set up with p γ T > 40 GeV, for which, however, the measured fiducial cross section is not provided. In this case our corresponding cross sections are σ LO = 77.48 ± 0.06 fb, σ N LO = 132.89 ± 0.07 fb and σ N N LO = 152.5 ± 0.5 fb. The impact of the NNLO corrections is about 15% with respect to NLO. The increased impact of NNLO corrections compared to the p γ T > 15 GeV case can be understood by studying the invariant mass distribution in Fig. 3 . With p γ T > 40 GeV the LO boundary moves to m l + l − γ ∼ 97 GeV, and the phase-space region below the boundary, which opens up beyond LO, includes the Z peak, and significantly contributes to the cross section. Moreover the region immediately above the Z peak shows relatively large NLO and NNLO corrections.
We have also considered the selection cuts applied by the CMS collaboration [3] . They require the photon to have p We note that the photon isolation parameters used by CMS are rather different from those used by ATLAS. To estimate the impact of the different isolation parameters on the results, we have repeated our calculation for the CMS selection cuts by using the isolation parameters of the ATLAS analysis, i.e. ǫ γ = 0.5 and R = 0.4. We find that the NLO and NNLO cross sections are rather stable, since they increase only by 0.2% and 1%, respectively.
We have illustrated the first calculation of the cross section for Zγ production at the LHC up to NNLO in QCD perturbation theory. Our computation is implemented in a numerical program that allows us to apply arbitrary kinematical cuts on the final state leptons and photon and on the associated jet activity. For the selection cuts typically applied by the ATLAS and CMS collaborations, we find that the impact of NNLO corrections is moderate, and ranges between 4 and 15%. The impact of NNLO corrections may be larger in some kinematical regions. 
